Experimental data from vibrationally and rotationally resolved laser induced fluorescence experiments have been used to produce potential energy surfaces (PES) for the excited A 2 Σ + states of the Ar·SH and Kr·SH van der to the rare gas atom, to approximately the saddle point, near the T-shaped configuration. As a result this region of the surface is determined accurately whereas the region of the PES around 180 degrees, corresponding to the sulfur atom being closest to the rare gas atom, is determined only qualitatively.
responding to various experimental vibronic bands indicate that these states sample regions of the PES from 0 degrees, where the hydrogen atom is closest to the rare gas atom, to approximately the saddle point, near the T-shaped configuration. As a result this region of the surface is determined accurately whereas the region of the PES around 180 degrees, corresponding to the sulfur atom being closest to the rare gas atom, is determined only qualitatively.
I. INTRODUCTION
We have recently undertaken a comprehensive experimental and theoretical effort to characterize the R·SH/D (R=Ne, Ar, and Kr) complexes. Experimentally we have assigned, via heavy atom isotope shifts and other techniques, a large number of vibronic bands of the electronic transition A 2 Σ + (0,v workers. 12 The computational aspects of this original approach have been enhanced in three major ways. First, we use the Implicitly Restarted Lanczos Method (IRLM) of Sorensen et al. 13 to determine the eigenpairs of interest. Second, we use a Sequential Diagonalization Truncation (SDT) approach introduced by Light and coworkers 14 to reduce the order of the matrix representation. Third, we apply a Chebychev polynomial preconditioning to speed up the convergence of the IRLM. 15, 11 Friesner et al. 16 and Bramley and Carrington
17
have both independently reported on the value of the implicit SDT transformation that was introduced by Pendergast et al.
15

II. THEORETICAL APPROACH
A. Potential Energy Surface
The global potential for the triatomic system A-BC is based on a set of three one dimensional radial potentials that are combined using switching functions. The two minima, at 0 degrees and at 180 degrees for the R-HS angle, are separated by a saddle point. The coordinate variables in this potential are R CM , the distance from the rare gas to the center of mass of SH, and θ, the angle between the R CM and r SH vectors, with θ = 0 corresponding to the linear R-HS geometry. The HS/D bond distance, r SH , is fixed at its v = 0 level value in the isolated moiety for this model. The potential following Bowman's prescription is given by
where V 0 , V sp , and V π , are radial cuts of the potential for θ equal to zero, the saddle point angle, and π respectively. These radial potentials each have a generalized Morse functional form
The minimum of this potential is at R e . 
and
The functions f (θ) and g(θ) are switching functions that vary between 0 and 1 for the ranges 0 ≤ θ ≤ θ sp and θ sp ≤ θ ≤ π, respectively. In terms of the variable x, f (x) and g (x) have the same expression, i.e.
f (x) = a 2
where a = f xx (0) and b = f xx (1). In general,
and x = e λ 2 (θ−θsp) − 1 e λ 2 (π−θsp) − 1 for θ sp ≤ θ ≤ π (8) where λ 1 and λ 2 are free parameters determined in the potential optimization.
B. The Sequential Diagonalization Truncation Method
In this section we discuss the implementation of the IRLM approach by Sorensen et al. 13 along with our implementation of the SDT approach by Choi and Light. 18 In our previous paper, 11 we discussed only the implementation of the IRLM method. Combining these two methods allows us to reduce greatly the amount of computational time. In the original implementation of Choi and Light, the SDT transformation was carried out explicitly by transforming from the DVR representation of the Hamiltonian to the lower order SDT representation. This transformation converts the sparse DVR Hamiltonian into a dense SDT Hamiltonian. 18 Since the IRLM approach only requires the action of the SDT Hamiltonian on a vector, the sparsity of the original DVR matrix can be preserved while obtaining the eigenpairs of interest. At this point we need to introduce some additional equations in order to explain the overall efficiency of method.
The matrix elements of the full Hamiltonian from Eq.1 of Korambath et al. 11 can be written as
where the V (R α , θ kβ ) matrix is from the potential energy term, the d R matrix is from the radial kinetic energy, the d (θK) matrix is from the angular kinetic energy, the B + and B − matrices are from the coriolis terms. α and β are the indices for the DVR quadrature nodes for radial and angular kinetic energy matrices respectively. The value of K ranges from 0 to J.
We carry out the diagonalization of the above Hamiltonian in three stages. Following
Choi and Light, we choose the initial diagonalization for the 1D Hamiltonian with respect to the radial coordinate. 
in which 1D C (βK) is a N R × N R 1D-eigenvector matrix, and 1D E (βK) is a diagonal matrix containing eigenvalues of the 1D Hamiltonian for each (β, K) blocks. In the SDT approach during this operation, the high energy eigenvectors in 1D C (βK) were truncated to speed up the diagonalization either by retaining a constant number of vectors or by retaining the states 1D C (βK) , which satisfy an energy cutoff condition such that
The truncated 1D C (βK) matrix, denoted by 1DC (βK) , has a reduced dimension N R × P βK .
Where P βK corresponds to the number of 1D eigenvectors which satisfy the cutoff limit in the corresponding (βK) block.
The next step is to calculate the eigenpairs for the 2D Hamiltonian for each K block. In the truncated 1D eigenvector representation, the 2D Hamiltonian, 2D h K , is given by Computation of this matrix-vector operation given by
is carried out in four steps as follows:
At this point, if J = 0 no additional computations are required. However, for J > 0, we follow the original approach of Choi and Light to obtain the Hamiltonian,H in the truncated 2D-eigenvector basis including Coriolis coupling, as
where the truncated Hamiltonian,H, in the representation of the truncated 1D-eigenvectors is given byH (19) As in the SDT procedure of Choi and Light 18 the dimension of the resulting H DV R is reduced from (N max = N R × N θ × K max ) to the successively truncated HamiltonianH of
The truncatedH is diagonalized using a EISPACK routine.
C. Polynomial Preconditioning
The number of iterations taken by the IRLM routine to obtain convergence is an important factor in the diagonalization speed up. So even if we have an efficient matrix-vector product algorithm the speed up is not guaranteed unless we have a favorable eigenvalue spectra. The IRLM procedure takes a smaller number of iterations when the eigenvalues desired are well separated. In this problem, the eigenvalues that we are interested in are tightly clustered at the lower energy region and the eigenvalues that we do not want are well separated at the higher energy region. This is exactly opposite to what is desired to have faster convergence. Fortunately, we can transform this eigenvalue spectrum using a Chebychev polynomial to a problem that will have the same eigenvectors but a much better eigenvalue distribution. Once the IRLM procedure converges to the desired eigenvectors the original eigenvalues can be obtained easily using the Raleigh Ritz quotient. The details of Chebychev polynomial preconditioning is explained in Korambath et al. 11 The combination of DVR, SDT and Chebychev preconditioning are the key factors in getting good performance using the IRLM procedure.
In Table 1 , we compare the time taken for DVR/IRLM, SDT/DVR, and SDT/DVR/IRLM approaches to calculated 10 eigenpairs for the Ar·SH complex. Here, we use Lobatto functions for the radial DVR functions and associated Legendre functions as the angular DVR functions as in the previous paper. 11 The times, in seconds, are given on calculations performed on an IBM-3CT workstation for J = 0 to J = 2. For SDT/DVR and SDT/DVR/IRLM methods 100 radial functions are truncated to 70 radial functions. The first row gives the time taken for the IRLM approach, and the third row gives the time taken
for the approach where we have combined the advantages of IRLM by Sorensen and SDT by Choi and Light. 18 As can be seen the SDT/DVR/IRLM method is more than 7 times faster than the original SDT/DVR method of Choi and Light. 18 The difference becomes even more significant as the number of radial and angular functions increases.
D. Fitting Strategy
We have carried out the fit to the experimental energy values and rotational constants simultaneously to arrive at the potential energy surface for the R·SH molecules.
We have varied 11 parameters that contribute significantly to improving the fit to the experimental values. These parameters correspond to the Morse parameters for 0 degrees and saddle point (sp) of the potential energy surface, including specifically is from Huber and Herzberg. 20 Using the optimized surface for the R·SH complexes we have predicted the vibronic energy levels and rotational constants for the R·SD complexes.
To accomplish this, we express the mass weighted R CM and θ coordinates for the R·SD complex in terms of those used for R·SH, which are now denoted R CM and θ . This correction is necessary because the center of mass of the diatom shifts towards deuterium by an amount ∆= 0.0408Å. Hence the R CM and θ coordinates have to be properly shifted when the potential energy is calculated for the R·SD molecule. The new R CM is given by
1/2 and the new cosθ by (R CM cosθ + ∆)/R CM , where ∆ is the center of mass shift between SH and SD. This procedure was helpful in assigning the vibrational quantum numbers for the deuterium species as there are less experimental data and the experimental absolute vibrational quantum number assignment was not as certain as it was for the hydrogenated species.
III. RESULTS AND DISCUSSION
The results of the nonlinear fit, using the experimental 2, 3 values to arrive at a global potential, are reported here. For the Ar·SH system we varied the 11 parameters that contributed significantly in improving the fit to 15 experimental values: 7 vibrational energy levels and 8 rotational constants. For the Kr·SH system we again varied the 11 parameters to fit 17 experimental values: 14 vibrational energy levels and 3 rotational constants.
Generally speaking, for experimental energy levels, the agreement was usually within ± 0.5 cm −1 , which is within the accuracy of the lower resolution (though not the high resolution ones) and more abundant experimental survey scans, and within ± 0.0001 cm −1 accuracy for the rotational constants. In the previous section we explained the procedure for using the R·SH potential surface to calculate the eigenvalues for the deuterated complex. This approximation works very well for Ar·SH/D, but less well for Kr·SH/D. As in the case of the Ar·OH/D system an inverse isotope effect is observed in both the Ar·SH/D and Kr·SH/D systems. This inverse isotope effect is reproduced by our calculations.
A. Ar·SH/D
The experimental vibrational assignment for the hydrogenated complex was done using the normal isotopic shift relationships of the heavier 34 S and 32 S isotopic species. The details of this analysis are given in a separate publication. 2 In Table 2 with the experimental vibrational energy levels and the calculated rotational constants are generally within 0.0001 cm −1 of the corresponding experimental values. This is a very good agreement considering the nature of the PES used in the optimization process. Table 3, gives all the eigenvalues and rotational constants predicted by the optimized Ar·SH surface up to the (0,0,6) level including the corresponding values for Ar·SD. The average angle for the rotation of H/D atom off-axis, as calculated from the expectation value of < cosθ >, is also given in the last column of the table. In Table 4 eigenvalues intervals (E n − E n−1 ) and rotational constants predicted for Ar·SD using the optimized Ar·SH surface are compared with the experimental values. Focusing on the difference in the adjacent eigenvalues is more appropriate because the lowest experimental eigenvalue measured for Ar·SD is (0,0,2) and extrapolating back to (0,0,0) level may cause some inaccuracy. In Table 5 , all the parameters which determine the PES for Ar·SH are given. As noted in Sec. II D, only the parameters corresponding to 0 degrees and the saddle point were optimized. In Fig. 2, Fig. 3 Table 6 . The calculated D 0 value is the lowest eigenvalue for the J = 0 calculation and the calculated D e value is the minimum of the potential surface.
The difference in the experimental and calculated D 0 value is due to the fact that all the experimental values are measured far below the dissociation limit. An accurate experimental determination is very difficult in the absence of energy levels close to dissociation limit.
In Table 7 , the difference in average R CM values, defined as the distance from the inert gas to the center of mass of the SH/D moiety, corresponding to various stretch levels for the Ar·SH/D isotopes are given. Average R CM values were calculated from the rotational constant, using the (< 1/R 2 >) −1/2 inversion. The experimentally observed differences, of about 0.1Å, are nearly 100 times larger than in tight chemically bound molecules. Nonetheless the calculation does an excellent job of reproducing the experimentally observed differences.
The calculated values are in good agreement with the two experimentally measured values.
B. Kr·SH/D
The approach taken for Kr·SH is the same as for Ar·SH. Using experimental data for the 86 Kr and 84 Kr isotopes we were able to unambiguously assign the absolute vibrational quantum numbers for the hydrogenated complex, the details of which are presented elsewhere. (except for two perturbed levels) of the experimentally observed vibrational energy values and the rotational constants are within 0.0001 cm −1 (again except for the perturbed levels). It should be noted that the agreement between the calculated and experimental values given in Table 8 are for frequency differences relative to the (0,0 0 ,5) level. If we use the experimentally extrapolated origin the error is approximately a constant 6 cm −1 for all the levels. We attribute this to the error incurred by the long extrapolation. Table 9 contains the eigenvalues and the rotational constants calculated from the optimized PES for Kr·SH along with corresponding predicted values for Kr·SD.
In Table 10 of experimental levels available to carry out the fit; (iv) the assumption that this potential is transferable from SH to SD may not be as good for the higher vibrational levels because this approximation does not account for the differences in the average polarizability and dipole moment of the v = 0 state of the two diatomic molecules. Table 11 lists the optimized parameters for the Kr·SH fit corresponding to the results given in Table 8 . Again only those parameters corresponding to 0 degree and the saddle point were allowed to vary. . In order to illustrate the region of the potential that the experimentally observed levels sample we have plotted the probability density on top of the potential energy surface for some representative levels. These are shown in Fig. 7, Fig. 8 , Fig. 9 , and Ar·SH where, for the former, levels much closer to the dissociation limit were measured. 
Calc a All values given in cm −1 . b The PES was evaluated from R min = 2.0Å to R max = 10.0Å, with 100 radial DVR points, and 20 angular DVR points. c The rotational constant is the expectation value of 1/(2µR 2 ) evaluated from the computed wavefunctions. d The average angle is calculated from < cosθ > using the computed wave functions. a All values are in cm −1 . b The PES was evaluated from R min = 2.0Å to R max = 10.0Å, with 160 radial DVR points, and 30 angular DVR points. c The rotational constant is the expectation value of 1/(2µR 2 ) evaluated from the computed wavefunctions. d The average angle is calculated from < cosθ > using the computed wave functions. 
